Introduction {#sec1}
============

Middle East respiratory syndrome (MERS) is an emerging lethal respiratory disease caused by a novel betacoronavirus (MERS-CoV).[@bib1] From May to July 2015, there was a hospital-associated MERS outbreak in the Republic of Korea reporting 186 laboratory-confirmed cases, which is the largest recorded outbreak outside the Arabian Peninsula.[@bib2], [@bib3], [@bib4], [@bib5], [@bib6] The outbreak featured several super-spreading events with unexpectedly high human-to-human transmission rate: 136 of 186 cases (73.1%) were transmitted from only three patients.[@bib5], [@bib7], [@bib8], [@bib9], [@bib10] As these large transmission clusters were exclusively originated from patients with pneumonia, prediction of pneumonia development has been emphasized in control of MERS outbreak.[@bib9] In addition, pneumonia progression to respiratory failure should be anticipated in advance to avoid urgent intubation or cardiopulmonary resuscitation which might break protection of healthcare workers. Although several studies analyzed prognostic factors for fatal outcome,[@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16] predictive factors for pneumonia development and progression to respiratory failure have not been reported. To identify factors which can predict pneumonia development and progression to respiratory failure at the early course of the disease, we evaluated MERS-CoV infected patients managed in a tertiary care center during the 2015 MERS outbreak in Korea.

Methods {#sec2}
=======

Study design and patient grouping {#sec2.1}
---------------------------------

To identify factors which can predict pneumonia development and progression to respiratory failure at the early course of the disease, we reviewed the electronic medical records of who were diagnosed with MERS-CoV infection and admitted at Samsung Medical Center, a 1950 tertiary care university hospital which managed the largest number of MERS-CoV infected patients as a single center during the 2015 Korean MERS outbreak. As it is still unclear whether initially asymptomatic patients would develop pneumonia or not,[@bib17] we included all the MERS-CoV infected patients managed at our hospital during the outbreak regardless of symptoms presence. To avoid confusion with the case definition of MERS which did not included asymptomatic cases,[@bib18] we used the term of 'MERS-CoV infected patient' rather than 'MERS patients' throughout the present paper. MERS-CoV infections were confirmed on the basis of rRT-PCR assays targeting upstream of the E gene and the open-reading frame gene 1a.[@bib18], [@bib19] Disease status of included patients was assessed at six weeks from their symptom onset and patients were divided into three groups depending on pneumonia development and progression to respiratory failure: patients without the development of pneumonia (group 1), patients who developed pneumonia without respiratory failure (group 2), and pneumonia patients who progressed to respiratory failure (group 3). For practical purposes, respiratory failure was defined as the need for mechanical ventilation (MV). The institutional review board of our hospital approved the present study.

Data collection and operational definitions {#sec2.2}
-------------------------------------------

We retrospectively collected data from electronic medical records and epidemiologic investigation. To identify factors which can predict pneumonia development and progression to respiratory failure at the early course of the disease, we evaluated clinical variables measured within three days from symptom onset. During the 2015 Korean MERS outbreak, fever was defined as body temperature ≥37.5 °C to increase sensitivity of screening and the same definition was used in the present analysis.[@bib9] Thrombocytopenia was defined as a platelet count lower than 150 × 10^3^ cells/mm^3^, lymphopenia as an absolute lymphocyte count lower than 1,000 cells/mm^3^, and hypoalbuminemia as albumin concentration lower than 3.5 g/dL. Lower respiratory tract specimens including sputum and endotracheal aspirates were used for MERS-CoV rRT-PCR. Cycle threshold (Ct) values of MERS-CoV rRT-PCR were used as a surrogate of viral load. Pneumonia development of MERS-CoV infected patient was defined as presence of parenchymal infiltration on chest X-ray with respiratory symptoms. Test days or events were counted from the day of symptom onset for each patient: day 1 was defined as the day of symptom onset. For asymptomatic patients, the day of diagnosis of MERS-CoV infection was considered as day 1.

Statistical analysis {#sec2.3}
--------------------

To identify predictive factors for pneumonia development and progression to respiratory failure, clinical variables measured within three days from symptom onset were compared. For evaluation of pneumonia development, patients who developed pneumonia (group 2 and 3) were compared to those who did not (group 1). For factors for respiratory failure, patients who progressed to respiratory failure (group 3) were compared to those who did not (group 1 and 2). Student\'s t-tests or Mann--Whitney U tests were used to compare continuous variables, and chi-square tests or Fisher\'s exact tests were used to compare categorical variables. Statistically significant continuous variables were re-categorized into binary factors using threshold values between mean of each group, which showed lowest *P* value. Statistically significant categorical variables and binary factors re-categorized from continuous variables were defined as predictive factors. For significant predictive factors, as a measure of association, odds ratio (OR) and 95% confidence interval (CI) for OR were calculated using the Woolf procedure.[@bib20] Multivariate analysis was not performed due to the limited sample size. All *P*-values were two-tailed, and those \<0.05 were considered to be statistically significant. IBM SPSS Statistics version 20.0 for Windows (IBM, Armonk, NY, USA) was used for all statistical analyses.

Results {#sec3}
=======

Time course of pneumonia development and progression to respiratory failure {#sec3.1}
---------------------------------------------------------------------------

A total of 45 MERS-CoV infected patients were hospitalized during the outbreak with 13 patients in group 1 (including 3 asymptomatic patients), 19 patients in group 2, and 13 patients in group 3. The clinical course of symptomatic MERS patients progressed serially: patients developed initial symptoms after a median 5-day incubation period (IQR 3.5--7.0), pneumonia after a median of 6 days from symptom onset (IQR 5.0--7.0), and respiratory failure after a median of 12 days from symptom onset (IQR 10.0--13.0). In group 3 patients, it took a median of 2 days from desaturation to respiratory failure (IQR 1--3 days). The development and progression of pneumonia by time sequence is depicted in [Fig. 1](#fig1){ref-type="fig"} . No one developed pneumonia before day 4 of symptom onset.Figure 1**The development and progression of pneumonia in patients with MERS-CoV infection depicted by time sequence** MERS-CoV infected patients were divided into three groups: patients without the development of pneumonia (group 1), patients who developed pneumonia without respiratory failure (group 2), and pneumonia patients who progressed to respiratory failure (group 3). (**a**) **Number of patients who developed pneumonia and who received endotracheal intubation due to respiratory failure by the days after symptom onset**. Patients in group 3 developed pneumonia earlier than those in group 2, and progressed to respiratory failure sequentially. (**b**) **Overall presentation of pneumonia development and progression**. The development of pneumonia, desaturation, endotracheal intubation, and application of ECMO occurred step by step. Abbreviations: ECMO, extracorporeal membrane oxygenation.Fig. 1

Predictive factors for pneumonia development {#sec3.2}
--------------------------------------------

To evaluate predictive factors for pneumonia development, demographics, underlying diseases, and clinical variables of patients in group 2 and 3 were compared to those of patients in group 1 ([Table 1](#tbl1){ref-type="table"}, [Table 2](#tbl2){ref-type="table"} ). Identified predictive factors are summarized in [Table 3](#tbl3){ref-type="table"} with odd ratios (OR). Increasing age was significantly associated with pneumonia development as a continuous variable (*P* = 0.015), and age older than 45 years was a predictive factor for the development of pneumonia (OR, 8.04; 95% CI, 1.52--42.43; *P* = 0.007). Although proportion of male also increased with progression of pneumonia (38.5%, 57.9%, and 84.6% for group 1, 2, and 3, respectively), statistically significant association between male sex and the pneumonia development was not identified (*P* = 0.097).Table 1Demographics and underling diseases of MERS-CoV infected patients compared depending on pneumonia development and progression to respiratory failure.Table 1VariablesGroup 1\
*Without pneumonia*\
(n = 13)Group 2\
*Pneumonia*\
(n = 19)Group 3\
*Respiratory failure*\
(n = 13)*P* valuePneumonia\
(*Group 1 vs 2 & 3*)Resp. failure\
(*Group 1 & 2 vs 3*)**Demographics**Age, years37.3 ± 17.147.7 ± 14.055.2 ± 17.40.0150.036 *Age* ≥*45 years*2 (15.4%)10 (52.6%)9 (69.2%)0.0070.098Male sex5 (38.5%)11 (57.9%)11 (84.6%)0.0940.045BMI (kg/m^2^)22.1 ± 8.623.4 ± 2.424.8 ± 4.00.5240.275**Underlying disease**5 (38.5%)9 (47.4%)8 (61.5%)0.5140.337Diabetes mellitus1 (7.7%)2 (10.5%)2 (15.4%)1.0000.617Hypertension2 (15.4%)1 (5.3%)5 (38.5%)1.0000.021Chronic heart disease1 (7.7%)2 (10.5%)4 (30.8%)0.6540.168Chronic lung disease0 (0.0%)0 (0.0%)1 (7.7%)1.0000.289Liver disease0 (0.0%)0 (0.0%)1 (7.7%)1.0000.289Renal disease0 (0.0%)1 (5.3%)2 (15.4%)0.5460.196Neurologic disease0 (0.0%)2 (10.5%)1 (7.7%)0.5461.000Solid cancer2 (15.4%)4 (21.1%)2 (15.4%)1.0001.000Hematologic disease0 (0.0%)2 (10.5%)1 (7.7%)0.5461.000Charlson\'s WIC0 (0.0--1.0)0 (0.0--2.0)0 (0.0--2.0)0.3330.363[^1][^2]Table 2Clinical presentation and initial laboratory findings of MERS-CoV infected patients compared depending on pneumonia development and progression to respiratory failure.Table 2VariablesGroup 1\
*Without pneumonia*\
(n = 13)Group 2\
*Pneumonia*\
(n = 19)Group 3\
*Respiratory failure*\
(n = 13)*P* valuePneumonia\
*(Group 1 vs 2 & 3)*Resp. failure\
*(Group 1 & 2 vs 3)***Initial symptoms**Fever ≥ 37.5 °C2/11 (18.2%)10/14 (71.4%)7/9 (77.8%)0.0020.240Myalgia5 (38.5%)10 (52.6%)2 (15.4%)1.0000.088Cough4 (30.8%)6 (31.6%)5 (38.5%)1.0000.732Sputum4 (30.8%)3 (15.8%)3 (23.1%)0.4411.000Diarrhea0 (0.0%)1 (5.3%)2 (15.4%)0.5460.196**Initial laboratory tests**[a](#tbl2fna){ref-type="table-fn"}WBC (/mm^3^)5329 ± 12084230 ± 15884799 ± 30370.2160.915Hemoglobin (g/dL)13.6 ± 1.613.0 ± 2.911.8 ± 4.20.2550.352Platelet (×10^3^/mm^3)^223 ± 47156 ± 52104 ± 69\<0.0010.003 *Thrombocytopenia*0/11 (0.0%)5/14 (35.7%)5/8 (62.5%)0.0070.023ALC (/mm^3)^1487 ± 4241006 ± 446733 ± 5770.0030.026 *Lymphopenia*1/11 (9.1%)7/14 (50.0%)7/8 (87.5%)0.0030.006Albumin (g/dL)4.2 ± 0.54.2 ± 0.63.3 ± 0.80.1840.003 *Hypoalbuminemia*1/8 (12.5%)1/11 (9.1%)5/8 (62.5%)0.6330.005Total bilirubin (mg/dL)0.3 ± 0.10.7 ± 0.70.6 ± 0.40.1900.981AST (IU/L)28 ± 1333 ± 1832 ± 110.4380.863ALT (IU/L)34 ± 1928 ± 1929 ±230.4630.808BUN (mg/dL)10 ± 215 ± 520 ± 180.0640.285Creatinine (mg/dL)0.8 ± 0.21.0 ± 0.51.2 ± 0.40.0890.066CRP (mg/dL)0.7 ± 0.61.3 ± 1.56.8 ± 7.50.0310.063 ≥ *2 mg/dL*0/11 (0.0%)3/13 (23.1%)5/8 (62.5%)0.0180.005 ≥ *4 mg/dL*0/11 (0.0%)1/13 (7.7%)4/8(50.0%)0.0780.002LD (IU/L)388 ± 86412 ± 131441 ± 1680.5540.545Ct value of rRT-PCR31.3 ± 3.226.2 ± 5.726.5 ± 3.50.0250.405 *Ct value* \<*28.5*1/8 (12.5%)4/6 (66.7%)2/3 (66.7%)0.0240.537[^3][^4][^5]Table 3Predictive factors for development of pneumonia and respiratory failure in MERS-CoV infected patients.Table 3Predictive factorsPneumoniaRespiratory failureOR (95% CI)*P* valueOR (95% CI)*P* valueAge ≥45 years8.04 (1.52--42.43)0.007Ct value \<28.514.00 (1.14--172.65)0.024CRP ≥2 mg/dLNA[a](#tbl3fna){ref-type="table-fn"}0.018Fever ≥37.5 °C by day 312.75 (2.12--76.57)0.002ThrombocytopeniaNA[a](#tbl3fna){ref-type="table-fn"}0.0076.67 (1.18--37.78)0.023Lymphopenia17.50 (1.88--163.02)0.00314.88 (1.56--142.20)0.006Male sex5.50 (1.05--28.88)0.045Hypoalbuminemia14.17 (1.83--109.86)0.005CRP ≥4 mg/dL23.00 (2.01--262.57)0.002Hypertension6.04 (1.18--30.88)0.021[^6][^7]

Fever over 37.5 °C by day 3 were more frequently detected in patients with pneumonia (18.2%, 71.4%, and 77.8% in groups 1, 2, and 3, respectively), and was identified as a predictive factor for the development of pneumonia (OR, 12.75; 95% CI, 2.12--76.57; *P* = 0.002). Thrombocytopenia (OR, not applicable (NA); *P* = 0.007), lymphopenia (OR, 17.50; 95% CI, 1.88--163.02; *P* = 0.003), elevated C-reactive protein (CRP ≥ 2 mg/dL; OR, NA; *P* = 0.018), and high viral load (Ct value \< 28.5; OR, 14.00; 95% CI, 1.14--172.65; *P* = 0.024) were distinctly observed in pneumonia patients from the initial presentation, and identified as predictive factors for pneumonia development.

Predictive factors for progression to respiratory failure {#sec3.3}
---------------------------------------------------------

To evaluate predictive factors for progression to respiratory failure, patients in group 3 were compared to those in group 1 and 2 ([Table 1](#tbl1){ref-type="table"}, [Table 2](#tbl2){ref-type="table"}, [Table 3](#tbl3){ref-type="table"}). Although the mean age of patients in each group tended to increase with progression of pneumonia (37.3, 47.7, and 55.2 years in groups 1, 2, and 3, respectively) and increasing age was significantly associated with respiratory failure as a continuous variable (*P* = 0.036), there was no statistically significant cut-off value for prediction of respiratory failure. Proportion of male also increased with progression of pneumonia, and male sex was a predictive factor for respiratory failure (OR, 5.50; 95% CI, 1.05--28.88; *P* = 0.045). Among underlying diseases, hypertension was identified as a predictive factor for respiratory failure (OR, 6.04; 95% CI, 1.18--30.88; *P* = 0.021).

Initial symptoms including fever were not significantly different between patients who progressed to respiratory failure and those who did not. Among initial laboratory test results, thrombocytopenia (OR, 6.67; 95% CI, 1.18--37.78; *P* = 0.023), lymphopenia (OR, 14.88; 95% CI, 1.56--142.20; *P* = 0.006), hypoalbuminemia (OR, 14.17; 95% CI, 1.83--109.86; *P* = 0.005), and elevated CRP (CRP ≥ 4 mg/dl; OR, 23.00; 95% CI, 2.01--262.57; *P* = 0.002) were distinctly observed in group 3 patients, and identified as predictive factors for respiratory failure.

Predictability of predictive factors for pneumonia development and respiratory failure {#sec3.4}
--------------------------------------------------------------------------------------

Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) by number of predictive factors were presented in [Table 4](#tbl4){ref-type="table"} . When patients presented with ≥ two of the predictive factors for pneumonia development, 100% of these patients developed pneumonia (sensitivity 56.3%, specificity 100.0%, PPV 100%, and NPV 48.1%). Patients lacking the predictive factors for respiratory failure did not progress to respiratory failure. When patients presented with ≥ two of these predictive factors, 50.0% of these patients progressed to respiratory failure (sensitivity 69.2%, specificity 75.0%, PPV 52.9%, and NPV 85.7%).Table 4Sensitivity, specificity, PPV and NPV by number of predictive factors for pneumonia development and progression to respiratory failure.Table 4No. of factorsPneumoniaRespiratory failureSensitivitySpecificityPPVNPVSensitivitySpecificityPPVNPV≥0100.00.071.1NA1000.028.9NA≥190.653.882.970.010031.337.1100≥256.310010048.169.275.052.985.7≥340.610010040.646.287.560.080.0≥428.110010036.138.596.983.379.5≥515.610010032.530.810010078.0[^8][^9]

Discussion {#sec4}
==========

Initial rapid propagation of MERS-CoV during the Korean MERS outbreak was caused by three super-spreading events responsible for 73.1% of all transmissions.[@bib5], [@bib7], [@bib8] In addition to these super-spreaders, transmission of MERS-CoV despite application of personal protective equipment (PPE) occurred from patients with progressed pneumonia at our hospital.[@bib9] In this regard, identifying the predictive factors for pneumonia development and progression is not only important in patient care, but also in infection control to prevent further in-hospital transmission.

The present analysis of predictive factors for pneumonia development and progression to respiratory failure using variables obtained by day 3 of symptom onset could be conducted owing to the observation of entire clinical course of the disease from the exposure to MERS-CoV. Compared to MERS outbreaks in the Arabian Peninsula where community-acquired infections might simultaneously occur from animals, identifying epidemiologic links, exposure date, and symptom onset were relatively clear for each case.[@bib5], [@bib19] In our observation, the clinical course of symptomatic MERS patients progressed serially and no one developed pneumonia before day 4 of symptom onset. This is the reason why we used clinical data obtained by day 3 of symptom onset. There is no other comparable data to which presented time interval from the symptom onset to the development of pneumonia. Although there were no ideal cut-off scores of predictive factors with good sensitivity and specificity, it should be noted that 100% of patients with ≥ two predictive factors for pneumonia actually progressed to pneumonia. Thus, careful and intensive management should be implemented for such patients including adequate isolation of patient in an airborne infection isolation room (AIIR), minimizing chance for exposure, application of PPE with hooded coverall, and consideration of experimental antiviral treatment.[@bib9], [@bib21], [@bib22], [@bib23], [@bib24] For patients with ≥ two predictive factors for respiratory failure, AIIRs in intensive care units should be prepared for early elective intubation. Although the time interval from symptom onset to MV support was much longer than in previous reports (median 12 days versus 7 days),[@bib1] we also experienced rapid progression of pneumonia from the moment of desaturation: 73% of group 3 patients required MV within 2 days from desaturation (median 2, IQR 1--3 days). To avoid urgent situations which might break protection of healthcare workers, elective intubation should be considered when desaturation begins to progress. In addition, sensitivities of predictive values are relatively low with cut-off value of ≥ two factors, clinical course of patients with any predictive factors also should be carefully monitored.

Of note, thrombocytopenia, lymphopenia, and increased CRP level were shared predictive factor for the pneumonia development and respiratory failure. They were observed in the very early course of the illness, indicating that inflammation had already been enhanced. Lymphopenia and thrombocytopenia presenting from the initial presentation of severe MERS-CoV infected patients were also observed in the recent report by Min et al.[@bib25] Although time of measurements were not specifically described, these laboratory abnormalities were previously observed in severe MERS cases and other respiratory viral illnesses including severe acute respiratory syndrome (SARS) and influenza, which are caused by intense inflammatory response to the viruses.[@bib15], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32], [@bib33] This is the first report that identified these laboratory findings as predictive factors for pneumonia development and progression to respiratory failure in MERS.

Although other predictive factors for pneumonia development and respiratory failure were different due to discordance of statistical significance, they shared the same spectrum of etiology. Age increased according to pneumonia progression and was associated with both pneumonia and respiratory failure as a continuous variable (*P* = 0.015 and *P* = 0.036, respectively). These findings correlate with previous data suggesting that old age is associated with poor prognosis.[@bib11], [@bib13], [@bib14], [@bib15], [@bib34], [@bib35] Similarly, the proportion of males increased according to disease severity, though male sex was only significant for predicting respiratory failure. Although the mean age of males was older than that of females (49.7 and 42.6 years, respectively), it was not statistically significant (*P* = 0.169). Previous data also reported that overall proportion of male was higher and was associated with severe infection.[@bib15], [@bib34] It could be meaningful observation that the same finding was observed in the Republic of Korea where the social activity of females is not restricted, especially among healthcare workers. On the other hand, hypoalbuminemia and hypertension were predictive factors only for respiratory failure, while high viral load was predictive factor for the development of pneumonia. These factors were related with severe disease and poor prognosis of MERS in previous reports.[@bib1], [@bib12], [@bib13], [@bib15], [@bib16], [@bib34], [@bib35]

Our study has several strengths and limitations. Due to its retrospective nature, there may be a bias regarding collecting medical information in retrospective manner. However, as all electronic medical records were standardized to record symptoms and signs in the same way from the beginning of the outbreak, bias was minimized. Secondly, there were missing values when calculating the sensitivity and specificity of predictive factors, which is another limitation of retrospective study. Lastly, the present study did not perform multivariate analysis due to limited sample size and need to be validated. Prospective studies with sufficient number of patients are required for validation of the predictive factors identified in the present study. Despite these limitations, our data would be suitable for identifying predictive factors because we could observe entire course of the disease from exposure and apply homogenous management to patients.

In conclusion, based on 45 cases from a single tertiary care hospital during the largest MERS outbreak outside of the Arabian Peninsula, we identified six predictive factors for the development of pneumonia and progression to respiratory failure, respectively. Thrombocytopenia, lymphopenia, and high CRP level were shared predictive factors. MERS-CoV infected patients with ≥ two predictive factors should be intensively managed from the initial presentation for successful control of MERS outbreak.
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[^1]: Data are expressed as the number (%) of patients or mean ± SD. Continuous variables with statistical significance were re-categorized into binary factors which are presented in italics.

[^2]: Abbreviations: Res., respiratory; BMI, body mass index; WIC, weighted index of comorbidity.

[^3]: Data are expressed as the number (%) of patients or mean ± SD. As missing values were also removed from the population parameter, variables with missing values are expressed with modified population parameters. Continuous variables with statistical significance were re-categorized into binary factors which are presented in italics.

[^4]: Abbreviations: Res., respiratory; WBC, white blood cell; ALC, absolute lymphocyte count; AST, aspartate transaminase; ALT, alanine transaminase; BUN, blood urea nitrogen; CRP, C-reactive protein; LD, lactate dehydrogenase; Ct, threshold cycle; rRT-PCR, real-time reverse transcriptase polymerase chain reaction.

[^5]: Data are presented as mean value of day 1--3 ± SD.

[^6]: Abbreviations: OR, odds ratio; CI, confidence interval; Ct, threshold cycle; CRP, C-reactive protein; NA, not applicable.

[^7]: OR was not applicable as none of the group 1 patients reached thrombocytopenia or CRP values ≥2 mg/dL.

[^8]: Data are expressed as percentages.

[^9]: Abbreviations: PPV, positive predictive value; NPV, negative predictive value; NA, not applicable.
